Ralstonia pickettii K50 (strain K50) is a denitrifying bacterium that produces low levels of N 2 O under aerobic conditions. In this study, we found that coculturing of strain K50 with Streptomyces griseus significantly enhanced the denitrification activity of strain K50 in an artificial wastewater (AWW) system. Most factors that enhance denitrification activity were in the high molecular weight fraction of the cell-free broth of S. griseus, and were suggested to be extracellular proteases. Further investigation revealed that the cultivation of strain K50 in protease-treated AWW medium fully enhanced denitrification, and that a shortage of amino acids in the medium limited it. Among the 20 standard amino acids tested, only histidine had a significant effect in inducing denitrification by strain K50. Our results indicatate that histidine is a novel inducer of bacterial denitrification.
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Microbial denitrification is a dissimilatory mechanism that reduces nitrate (NO 3 À ) or nitrite (NO 2 À ) to gaseous molecules, such as nitrous oxide (N 2 O) or dinitrogen (N 2 ). Denitrification plays an important role in maintaining the global nitrogen cycle, along with nitrogen fixation and nitrification. 1, 2) Over several decades, industrial fixation of nitrogen has increased dramatically, changing the balance of the global nitrogen cycle, and this increase in biologically available nitrogen causes various environmental concerns, e.g., eutrophication caused by elevated nitrate concentrations. 3) Removal of aqueous nitrogen from wastewater is based essentially on the activity of nitrifying and denitrifying microorganisms, but current wastewater treatment systems have the shortcoming of producing N 2 O, which has an about 300-fold stronger greenhouse effect than carbon dioxide (CO 2 ), 4) as a by-product of the lack of correctly regulated oxygen (O 2 ) concentrations. 5, 6) Recently, Takaya et al. isolated and characterized two novel denitrifying bacteria, Pseudomonas stutzeri TR2 (strain TR2) and Ralstonia pickettii K50 (strain K50). 7) Since these strains produce low levels of N 2 O under aerobic conditions, they can be used to repress emission of N 2 O from wastewater treatment systems, but there are serious problems in the application of isolated microorganisms (bioaugmentation), e.g., poor survival rates and reduced activity in complex ecosystems. [8] [9] [10] One of the possible strategies to improve the efficiency of bioaugmentation is mixed culturing with other microbes. [11] [12] [13] After our preliminary screening of various microbes for co-culturing with strains TR2 and K50, we found that co-culturing with the actinomycete Streptomyces griseus greatly enhanced the denitrification activity of strain K50. This was a somewhat unexpected effect, since actinomycetes are known to be problematic microorganisms in biological wastewater treatment, causing viscous foam or scum on the surfaces of activated sludge aeration tanks. [14] [15] [16] In this study, we analyzed the mechanism of enhancement of denitrification activity and the possible interactions between these two bacteria.
Materials and Methods
Strains, media, enzymes, and chemicals. Ralstonia picketti K50 (formerly Pseudomonas sp. strain K50) from our previous study, 7) S. griseus JCM 5078, and S. lividans JCM 4783 were used. The following media were used: artificial wastewater (AWW) ( Seed culture and preculture of S. griseus and S. lividans. The bacteria were inoculated from an agar plate to 5 ml of Bennett's medium in a test tube, and the tube was shaken at 150 rpm at 30 C for 72 h (seed culture). Five ml of the seed culture was transferred to 200 ml of Bennett's medium in a 500-ml baffled Erlenmeyer flask, and the flask was shaken at 150 rpm at 30 C for 72 h (preculture).
Preculture of denitrifier, strain K50. The bacterium was inoculated from an LB agar plate to 200 ml of LB in a 500-ml baffled Erlenmeyer flask. The flask was shaken at 150 rpm at 30 C for 24 h.
Denitrification co-culture with Streptomyces cells. Portions (5 ml) of the precultures of strain K50 and Streptomyces were separately collected by centrifugation, washed twice with 0.8% NaCl, and transferred to 200 ml of AWW containing 15 N (Na 15 NO 3 ) in a 500-ml side-arm Erlenmeyer flask. The flask was sealed with a double butyl rubber stopper and shaken at 150 rpm at 30 C for 24 h. The atmospheric air in the headspace was not replaced, and thus the initial conditions were aerobic. Denitrification by strain K50 was measured by determining time-dependent production of 15 N 2 in the headspace gas using a gas chromatography-mass spectrometer GCMS-QP5050A (Shimadzu, Kyoto, Japan). 7, 11) Preparation of cell-free broth of S. griseus culture (CFB) and CFB-added denitrification culture. Five ml of the preculture of S. griseus was transferred to 200 ml of AWW containing unlabeled NaNO 3 in a 500-ml sidearm Erlenmeyer flask and incubated for 72 h under the initially aerobic condition, as described above. The culture was filtered with filter paper and then sterilized by filtration through a 0.22-mm cellulose acetate filter. CFB-added denitrification culture of strain K50 was performed essentially in the same way as under the denitrification co-culture condition described above, replacing precultured cells of S. griseus with CFB. Modified culture conditions are described in each figure legend and table.
Pretreatment of AWW with proteinase K. An aliquot (50 ml) of a 4-fold concentrated solution of AWW containing 200 ml of AWW and 40 mg/l of proteinase K was sterilized by filtration through a 0.22-mm cellulose acetate filter, and incubated at 37 C for 10 and 20 h. The sample was diluted 4-fold with water and autoclaved at 120 C for 20 min. The control sample without incubation (no treatment) was autoclaved immediately after preparation.
Measurement of colony forming units (CFU) of strain K50. CFU were measured by the agar dilution method. The bacterial culture sample was sequentially diluted with 0.8% NaCl, spread on DM plates containing 1.5% agar and 1 ml of bromothymol blue liter À1 (1% in ethanol), and incubated at 30 C for 24 h. Under these conditions, only blue colonies of strain K50 were formed. Colonies of S. griseus were not observed after incubation for 24 h, since this bacterium grows more slowly than strain K50. The blue colonies of strain K50 were counted under at least three different dilutions to measure CFU.
Measurement of protease activity. Protease activity was measured by Fluorescein thiocarbamoyl (FTC)-casein protease assay (Calbiochem/EMD Biosciences, San Diego, CA). An assay mixture (50 ml of FTC-casein solution, 50 ml of incubation buffer, and 100 ml of the sample) was incubated at 37 C for 2 h. After incubation, 500 ml of trichloroacetic acid was added, and the mixture was incubated at 4 C for 30 min and centrifuged at 12;000 Â g for 5 min. A portion (400 ml) of the supernatant was mixed with 600 ml of assay buffer, and the absorbance at 492 nm was measured. Protease activity was also measured using azoalbumin as a substrate. Then 500 ml of 1% azoalbumin and 100 ml of the sample were mixed, and the mixture was incubated at 37 C for 2 h. After incubation, 500 ml of trichloroacetic acid was added, and the mixture was incubated at 4 C for 30 min and centrifuged at 15;300 Â g for 5 min. Absorbance at 440 nm of the supernatant was measured. In both methods, a control experiment was performed using distilled water as a blank sample.
Results and Discussion
Enhancement of the denitrification activity of strain K50 by S. griseus
We investigated the effects of co-cultures with two Streptomyces strains on denitrification by strain K50. The time-dependent production of N 2 from NO 3 À in AWW was measured (Fig. 1A) . N 2 production increased significantly when S. griseus was co-cultured, and the production rate more than doubled up to 30 h. In contrast, co-culturing with S. lividans had no effect. To determine whether the cells of the two bacteria directly interacted with each other or whether S. griseus secreted a factor that enhanced denitrification activity, we prepared a cell-free broth of single culture S. griseus in AWW (CFB). The addition of CFB also enhanced the denitrification activity of strain K50, and this effect was dose-dependent (Fig. 1B) . These results indicate that some factors secreted by S. griseus into the culture medium affected strain K50.
One of the simplest explanations for this effect is that the growth of strain K50 was accelerated by unknown factors secreted by S. griseus. Table 1 shows the effect of co-culturing and CFB addition on the CFU of strain K50 and the denitrification speed. The denitrification activity of strain K50 was enhanced about 4-and 10-fold by co-culturing and CFB addition, respectively. On the other hand, the CFU of strain K50 did not increase, but rather decreased about 10-fold. Therefore, the activity of denitrification by strain K50 per cell was enhanced about 40-and 100-fold by co-culturing and CFB addition, respectively. Since the growth of strain K50 was inhibited not only by co-culture with S. griseus cells but also by the addition of CFB, this effect was also caused by factors secreted by S. griseus, such as antibiotics.
Proteases secreted by S. griseus enhanced the denitrification activity of strain K50
To identify the unknown factors in CFB, we separated it into high and low molecular weight fractions by ultrafiltration with a centrifugal filter unit, Amicon Ultra 10,000 NMWL (Millipore, Billerica, MA). As Fig. 2A shows, about 80% of the denitrification-enhancing activity was present in the high molecular weight fraction (>10 k). This activity reduced to about 53% after heat treatment at 80 C for 30 min (Fig. 2B) , and disappeared after phenol-chloroform extraction treatment (data not shown). Hence we hypothesized that the major portion of the unknown factors consisted of proteins. We examined the effects of pretreatment of A, Strain K50 and Streptomyces cells were cultured both separately and together in flasks containing AWW, and N 2 production from NO 3 À was monitored periodically, as described in ''Materials and Methods.'' B, Effect of the addition of cell-free broth of S. griseus cultured in AWW (CFB) on the denitrification of strain K50 as compared with a co-culture with S. griseus cells. The indicated volume of CFB was added to 200 ml of AWW. CFB with a protease, proteinase K, expecting that the enhancing activity of CFB would be lost under the protease treatment (Fig. 3A) . Protease pretreatment of CFB for 5 h did not reduce denitrification activity, but slightly enhanced it. Moreover, in one of the control experiments, the addition of proteinase K alone fully enhanced the denitrification activity of strain K50
unexpectedly. The effect of proteinase K addition was dose-dependent (Fig. 3B) , and it disappeared with the addition of a serine protease inhibitor, phenylmethylsulfonyl fluoride (PMSF) (Fig. 3C) . Moreover, the addition of PMSF on CFB-added culture partially inhibited the enhancement of the denitrification activity (Fig. 3D) . The above results indicate that the unknown A, Thirty ml of CFB was ultrafiltered with a centrifugal filter unit (molecular weight cut-off 10 k). Twenty-five and 5 ml of the low and high molecular weight fractions, respectively, were then sterilized by filtration through a 0.22 mm-cellulose acetate filter. B, Thirty ml of CFB was heat-treated by incubation at 80 C for 30 min.
factor in the high molecular weight fraction of CFB is serine proteases, and that their protease activity is responsible for enhancing the denitrification by strain K50. When the protease activities of CFB and 10 mg/ml of proteinase K were measured with two different substrates at 37 C for 2 h, the A 492 values on FTCcasein assay were 0:078 AE 0:009 and 0:148 AE 0:057, and the A 440 values on azoalbumin assay were 0:10 AE 0:08 and 0:26 AE 0:12, respectively. Therefore, the protease activity of CFB was about half of that for 10 mg/ml of proteinase K.
To investigate further whether this effect was dependent on the type of protease, we examined various proteases, including two serine proteases (proteinase K and trypsin), a cysteine protease (papain), a metalloprotease (thermolysin), and a protease mixture from S. griseus (Pronase) ( Table 2 ). All these proteases enhanced the denitrification activity of strain K50, but their effects varied. Their protease activity cannot be compared simply, because their substrate specificities differ. In this case, however, optimum pH appeared to be one of the critical factors. The pH of the AWW medium was initially 7.3, and it increased up to about 8 during the process of denitrification. The active pH range of papain, the least effective protease we tested, is from 5 to 7, 17) and its activity was rather low in the medium during denitrification. Pronase is a mixture of proteases secreted by S. griseus, and it exhibits a wide active pH range, from 7 to 9.
18) Hence, it was suggested that the proteolytic activity of the proteases in the medium secreted by S. griseus enhanced the denitrification activity of strain K50. It has been found that S. griseus is the best producer of extracellular proteases among 10 Streptomyces strains tested. 19) In contrast, S. lividans is A, Proteinase K (PK) treatment of CFB. Ten mg/ml of PK was added to CFB, sterilized by filtration, and incubated at 37 C for 5 h. Twenty ml of pretreated CFB was added to 200 ml AWW. As control experiments, 10 mg/ml of PK (final concentration) and 20 ml of untreated CFB were added to the culture. B, Effect of added PK. The N 2 product after 16 h incubation was measured. C, Effect of PMSF on PK addition. One mM of PMSF and/or 10 mg/ml of PK was added to the culture. D, Effect of PMSF on CFB-added culture. Twenty ml of CFB and/or 1 mM of PMSF was added to the culture. known to display a very low level of extracellular proteolytic activity, unlike most other Streptomyces species. 20, 21) How do proteases enhance denitrification activity? As shown in Fig. 2A , about 20% of the denitrification-enhancing activity was present in the low molecular weight fraction (< 10 k). Moreover, the addition of PMSF to the CFB-added culture only partially reduced the denitrification-enhancing activity (Fig. 3D) . Since CFB was prepared by culturing S. griseus in AWW for 72 h, a considerable amount of smaller proteolytic products must have been present already to enhance the denitrification activity. In the experiments described above, AWW was used as the culture medium during denitrification by strain K50. It is a rather poor medium as a model of the wastewater treatment environment. AWW contains 0.6 g/l of peptone and 0.4 g/l of meat extract as the nitrogen source, and the amount of available amino acids is limited. DM is one of the standard media for denitrifying bacteria. It contains 5.0 g/l of casamino acids, a nearly complete hydrolysis product of casein, and it is expected to contain far more amino acids than AWW.
Hence, we investigated the effect of the addition of proteinase K using both AWW and DM (Table 2) . When DM was used, the denitrification activity of strain K50 was fully enhanced, and the addition of proteinase K had no effect. Pretreatment of AWW with proteinase K for 10 and 20 h also significantly enhanced denitrification activity ( Table 2 ). The denitrification activity in AWW pretreated for 20 h was more than 3-fold enhanced as compared to that in untreated AWW.
Effect of amino acids
The results above indicate that some reaction products of proteases, such as amino acids, directly enhance denitrification activity. Hence, we examined the effects of 20 standard amino acids. In order to eliminate the effect of amino acids in the basal medium, we used mAWW, which did not contain peptone or meat extract. Moreover, we used NO 2 À and NO 3 À as denitrification substrates. In mAWW without amino acids, strain K50 did not grow. Since mAWW medium do not contain a nitrogen source other than 0.01% urea and the denitrification substrate, this result indicates that strain K50 does not assimilate NO 3 À , NO 2 À or urea. Strain K50 grew when at least one amino acid was added at 0.2 g/l (data not shown). Surprisingly, only histidine-added culture produced N 2 from both NO 2 À and NO 3 À , and other amino acids did not induce denitrification (Fig. 4A) . These results indicate that histidine is required for denitrification.
Therefore, the denitrification-enhancing effects of proteases (Table 2 and Fig. 3 ) can be ascribed to their reaction products, including histidine. This hypothesis is consistent with the full enhancement of the denitrification activity of strain K50 in DM, a medium containing a large amount of amino acids ( Table 2) . Figure 4B shows the effects of histidine and imidazole. The effect of histidine was dose-dependent, whereas imidazole was not effective, indicating that the whole molecule of histidine is responsible for the enhancement. Next we examined the effects of compounds involved in histidine metabolism (Table 3 ). The metabolic pathway from histidine to glutamate through urocanate is a major pathway of histidine utilization. 22) Since the addition of urocanate did not affect denitrification, strain K50 did not appear to utilize histidine as an energy source for denitrification. Histidinol is the a Proteases were added at 10 mg/ml. The N 2 product after 23 h was measured. b Proteinase K was added at 10 mg/ml to each medium. The N 2 product after 24 h was measured. c AWW medium was pretreated with proteinase K before cultivation. Details are in ''Materials and Methods.'' The N 2 product after 24 h was measured.
Effect of histidine on denitrification
precursor of histidine synthesis. Histamine is the first metabolite in the pathway, in which histidine is converted to various compounds. The addition of histidinol and histamine exhibited a weaker but significant enhancing effect on denitrification. Histidine can be synthesized from its precursor (histidinol), but it is unlikely to be synthesized from histamine by the reverse reaction of histidine decarboxylase. Moreover, all three effective compounds found here (histidine, histidinol, and histamine) share the specific structural features of an amino group as well as the imidazole side chain. Therefore, histidine itself and some metabolites appear to be essential for the induction of denitrification. In contrast to strain K50, strain TR2, another denitrifying bacteria isolated together with strain K50, 7) did not require histidine for denitrification (data not shown). The requirement of a specific factor, other than O 2 limitation or the presence of denitrification substrate (NO 3 À and NO 2 À ), for bacterial denitrification is a unique finding, and there is no report of a similar phenomenon. Elucidation of the mechanism of the histidine requirement is of interest. A, Ten mM of NaNO 3 or 10 mM of NaNO 2 was used as the initial compound for denitrification. Each amino acid was added at 0.2 g/l. Except for histidine and tryptophan, two amino acids were added simultaneously. The N 2 product after 17.5 h of incubation was measured. A.A. free: no amino acids were added. B, Histidine (0.2 or 0.4 g/l) or 0.2 g/l imidazole was added to mAWW with 10 mM of NaNO 3 À . 
